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TRAM to recruit the signaling adap-
tors MyD88  and TRIF,  respectively, 
to specialized regions of the plasma 
membrane  where  signaling  com-
plexes  are  assembled.  TLR2  may 
use  a  similar  combination  of  sort-
ing  (TIRAP)  and  signaling  (MyD88) 
adaptors  to  initiate  signaling  from 
the plasma membrane. However, for 
many  other  TLRs  that  signal  solely 
through MyD88  (TLR5,  7,  8,  9,  and 
11)  or  TRIF  (TLR3),  there  are  no 
known  sorting  adaptors.  A  future 
challenge will be to understand how 
these TLRs sort out the signals.
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In a recent paper in PNAS, Rigoutsos et al. (2006) describe a nonrandom pattern of repeated 
elements, called pyknons, which are found more frequently in the 3′ untranslated regions of 
genes than in other regions of the human genome. Although it is unclear how pyknons might 
have arisen, it is possible that they may be involved in a new form of gene regulation.For  decades,  computer  scientists 
have been working on the manipula-
tion and analysis of  strings of data. 
Many  of  the  techniques  they  have 
developed for analyzing large corpora 
of  text can be easily adapted to the 
examination  of  megabases  of  DNA 
information  present  in  the  human 
genome.  A  new  study  reported  by 
Rigoutsos and colleagues in a recent 
issue  of  PNAS  reveals  the  insights 
gained  by  applying  computer  sci-
ence  to  biological  problems.  This 
study  investigates  the  relationships 
between  short  repeated  elements 
in  genic  and  nongenic  DNA  in  the 
human  genome  (Rigoutsos  et  al., 
2006) using a pattern discovery tool 
called  TEIRESIAS  (Rigoutsos  and 
Floratos, 1998). TEIRESIAS is based 
on a clever computational  trick  that 
allows  the  identification  of  overrep-836  Cell 125, June 2, 2006 ©2006 Elsevieresented  or  degenerate  sequence 
patterns  out  of  the  trillions  of  pat-
terns that are possible. This complex 
computation is made manageable by 
the sparsity with which such patterns 
occur  in  real  genomic  sequences, 
which  enforces  a  restricted  search 
space.  Other  methods  that  also 
make use of this sparsity are based 
on suffix trees (Ettwiller et al., 2005; 
Xie et al., 2005). TEIRESIAS’s unique 
advantage  is  its  two-stage  proc-
ess of building  longer patterns from 
shorter ones.
Rigoutsos  et  al.  (2006)  divided 
the  human  genome  into  genic  and 
nongenic regions and looked for pat-
terns  of  at  least  16  bases  in  length 
that occurred at least 40 times in the 
nongenic portion. They removed pat-
terns that did not occur at least once 
in  the genic  regions and filtered  the r Inc.remaining patterns  so  that  all  genic 
instances  were  nonoverlapping. 
There were 127,998 of these patterns, 
far  more  than  one  would  expect  to 
appear by chance. They called these 
sequence patterns pyknons from the 
Greek word meaning “dense.”  Inter-
estingly,  these  pyknons  are  found 
more  often  in  the  3′  untranslated 
regions (UTRs) of genes than in other 
regions of the genome (7.33% nucle-
otide  coverage  compared  to  3.04% 
in exons)  (Figure 1).  The spacing of 
pyknons  in 3′ UTRs  is also sugges-
tive,  with  the  average  inter-pyknon 
distance  falling  between  18  and  22 
nucleotides. Rigoutsos  et  al.  (2006) 
suggest that this finding hints at the 
possibility of complex posttranscrip-
tional  regulation  events,  such  as 
those  mediated  by  miRNAs.  Small 
regulatory RNA sequences are typi-
cally between 18 and 31 nucleotides 
(Valencia-Sanchez  et  al.,  2006).  A 
small  number  of  pyknons  (689,  or 
0.5%)  were  clustered  together  with 
miRNA sequences identified in Rfam, 
a database of known noncoding RNA 
genes  (Griffiths-Jones  et  al.,  2003). 
However,  the  position  of 
pyknons  is  the  opposite 
of what would normally be 
expected  for  a  regulatory 
motif (either miRNA target 
sequences or DNA binding 
motifs).  Classically,  one 
expects  a  single  instance 
of  an  intergenic  miRNA 
regulating  a  set  of  tran-
scripts  through  a  series 
of  genic  target  sites.  For 
example,  a  recent  study 
of  218  known  mamma-
lian  miRNAs  found  4,467 
genes with targets in the 3′ 
UTR  of  their  correspond-
ing transcripts (John et al., 
2004).  In  contrast,  each 
pyknon  is  found more  frequently  in 
nongenic positions rather than inside 
sequences  encoding  transcripts. 
If  pyknons  are  indeed  regulatory  in 
nature, their mode of regulation must 
be  very  different  from  those  with 
which we are familiar.
A  frustration  for  computer  sci-
entists  is  that  although  DNA 
sequences  are  easy  to  analyze, 
interpreting why a sequence pattern 
in a genome is nonrandom is much 
harder  to  pin  down.  For  example, 
patterns  that  appear  many  times 
in  a  genome  might  not  be  func-
tionally  important. Many dispersed 
repeats and retrotransposed pseu-
dogenes  also  generate  consider-
able  numbers  of  related  patterns 
in  the  genome.  The  authors  point 
that  although  nearly  all  pyknons 
(99.9%)  show  some  overlap  with 
repeat elements,  there are at  least 
50,000  instances  of  pyknons  that 
show  no  overlap  with  repeat  ele-
ments as defined by RepeatMasker 
(Smit  et  al.,  1996).  However, most 
pyknons  (90%)  are  found  at  least 
half  of  the  time  in  repeat  regions, 
meaning  that  the  vast  majority  of 
pyknon  instances  are  in  classical 
repeats.
Dispersed  repeats  are  not  only 
copied  around  the  genome but  are 
also disrupted by subsequent trans-
locations, inversions, and deletions, 
some  of  which  are  mediated  by 
other  repeat  insertions. As a  result, 
it is hard to annotate every fragment 
of  dispersed  repeats.  Repeat-free 
regions  defined  by  RepeatMas-
ker  suggest  that  repeats  may  not 
be  recognizable,  but  it  is  not  clear 
that  the bases did  not  arise  from a 
repeat  copy.  Perhaps  some  of  the 
instances of pyknons in “repeat-free 
regions”  are  actually  repeat  frag-
ments  beyond  the  detection  range 
of RepeatMasker.
Also,  the  potential  role  of  retro-
transposed  pseudogenes  has  not 
yet  been  fully  addressed,  although 
the authors state that the distances 
between  specific  pairs  of  pyknons 
is not what one would expect  if  the 
pyknons  were  being  generated  by 
degenerate copies of a large region. 
However, inserted copies of pseudo-
genes  are  usually  derived  from  the 
mature  mRNA,  and  thus  the  inter-
pyknon pair distance between a real 
gene (with introns) and a retrotrans-
posed pseudogene  is not expected 
to be the same.
Additionally, the authors note that 
over 85% of pyknon instances in non-
genic regions of the human genome 
are not present  in  the  rat or mouse 
genome.  This  is  circumstantial  evi-
dence  that  some  pyknons  may  be 
repeat-related and, at the very least, 
not involved in the common biology 
of  rodents  and  primates.  Clearly  a 
more  in-depth evolutionary analysis 
is required.
Regardless  of  how  pyknons  are 
generated, the observation that they 
are  more  prevalent  in  3′UTRs  sug-
gests that they may have a 
functional role. One obser-
vation  supporting  this 
notion  is  that  transcripts 
in  certain  GO  (Gene 
Ontology)  categories  are 
enriched  (e.g.,  transcrip-
tion regulation, nucleic acid 
metabolism)  or  depleted 
in pyknons. However,  it  is 
unclear  whether  this  indi-
cates a true enrichment of 
pyknons in these functional 
categories  or  whether  it 
reflects the fact that longer 
3′UTRs,  which  presum-
ably would have a greater 
number  of  pyknons,  are 
also known to be overrep-
resented in these GO categories.
There  is  nothing  preventing  biol-
ogy  from  making  use  of  dispersed 
repeats  to  scatter  potential  regu-
latory  sites  across  the  genome.  A 
repeat-mediated  mechanism  for 
generating  new  regulatory  patterns 
would  be  very  exciting.  One  expla-
nation  for  a  higher  rate  of  occur-
rence  in  3′UTRs  that  is  consist-
ent  with  dispersed  repeats  is  that 
poly(A) addition sites are often quite 
variable over evolutionary time and, 
being  intron  free,  are more  likely  to 
incorporate  dispersed  repeats  than 
5′UTRs  and  coding  exons.  Alter-
natively  the  sequence  context  of 
3′UTRs  may  preferentially  attract 
some  dispersed  repeats  compared 
to 5′UTRs.
This leaves the spacing of pyknons 
in 3′UTRs as the main oddity. There 
is no obvious reason why dispersed 
repeats would show a spacing of 18 
to  22  nucleotides  between  copies. 
Although  the  evidence  presented 
in this paper  is suggestive of a new 
form  of  gene  regulation,  definitive 
tests  for  this  hypothesis  will  come 
from  future  experiments  that  deter-
mine the effect of adding or remov-
ing pyknons from 3′UTRs.
figure 1. Pyknons in the Human Genome
Pyknons are short repeated elements in the human genome that are 
described by Rigoutsos et al.  (2006). The pyknons in the 3′UTR of 
a protein-coding gene are displayed as colored bars. Some of  the 
more than 40 occurrences of the red pyknon in nongenic regions are 
also depicted.Cell 125, June 2, 2006 ©2006 Elsevier Inc.  837
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Transforming growth factor β (TGFβ) 
signaling  regulates  numerous  bio-
logical processes in a variety of cell 
types  in  organisms  ranging  from 
worms  to  humans  (Shi  and Massa-
gue,  2003).  Despite  the  amazingly 
diverse  set  of  cellular  responses 
regulated by TGFβ, from proliferation 
and apoptosis to cellular differentia-
tion  and motility,  the  central  signal-
ing pathway downstream of TGFβ  is 
surprisingly simple. TGFβ binds to its 
receptors  at  the  cell  surface,  facili-
tating  phosphorylation  of  the  type  I 
receptor (TβRI) by the type II recep-
tor  (TβRII).  The  activated  TβRI  then 
phosphorylates  the  receptor-acti-
vated Smads (R-Smads) Smad2 and 
Smad3 at two serines in their C-ter-
minal SXS motif—a crucial step in the 
transduction of a TGFβ signal. Phos-
phorylation  alters  the  conformation 
of the R-Smads, relieving their auto-
inhibition  and  releasing  them  from 
cytoplasmic  retention proteins  such 
as  the  Smad  anchor  for  receptor 
activation  (SARA)  or  microtubules. 
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These  conformational  changes  also 
increase the affinity of the R-Smads 
for  the  common  Smad  (Co-Smad), 
Smad4,  to  facilitate complex  forma-
tion. The resulting Co-Smad-R-Smad 
complexes  then  translocate  to  the 
nucleus  and  interact  with  different 
sets of cofactors to regulate expres-
sion of specific target genes, leading 
to a particular biological response.
To  enable  the  relatively  simple 
TGFβ signaling pathway to influence 
such diverse biological events, many 
layers of tight regulation exist to con-
trol  not  only  the  level  and  duration 
of pathway activation but also what 
genes  and  responses  are  induced 
in  different  cell  types  and contexts. 
This  regulation  occurs  at  all  levels 
of  the  TGFβ  signaling  pathway.  The 
expression,  bioavailability,  and  acti-
vation  of  TGFβ  ligands  are  highly 
regulated, as is the expression of the 
type I and type II receptors. Regula-
tion at this level dictates whether the 
TGFβ signaling cascade is even initi-
ated. Once initiated, the TGFβ signal 
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signaling pathways to either blunt or 
augment  TGFβ-regulated  transcrip-
tion. Finally, the expression patterns 
and levels of Smads and their binding 
partners  further  fine  tune  transcrip-
tional  responses, allowing a diverse 
array of distinct cell  type- and con-
text-specific effects.
The  mechanism  through  which 
these  activated  pathways  are  ter-
minated  is  also  a  highly  regulated 
process.  Reductions  in  the  levels 
of  active  TGFβ  ligand,  internaliza-
tion  and  degradation  of  the  TGFβ 
receptors,  and  inhibition  of  recep-
tor  activity  through  induction  of  the 
inhibitory Smads  (I-Smads), Smad6 
and  Smad7,  are  all  means  through 
which the TGFβ signal  is terminated 
upstream  of  the  R-Smads.  How-
ever, elucidating the mechanisms by 
which the TGFβ signal  is terminated 
at  the  level  of  the  R-Smads  has 
proven a more difficult task. Initially, 
it was thought  that  the  level of acti-
vated  R-Smads  in  the  nucleus  was 
ate  
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